Introduction {#section1-1178646920919755}
============

The cross-talk between the mammalian host and pathogens is driven by 2 opposite forces, the balance of which determines the outcome of the interaction.^[@bibr1-1178646920919755]^ On one hand, the host puts in place resistance mechanisms directed against the pathogen to prevent the infection and promote the clearance. On the other hand, the host uses tolerance to defend rather than attack, a strategy aimed at reducing the damage induced by the pathogen or by the host itself, in the case of an exaggerated immune response.^[@bibr2-1178646920919755]^ Thus, while the formers constitute a true act of force, the latter more likely resembles a trade-off. As a corollary, resistance may confer protection against infection, but not tolerance^[@bibr3-1178646920919755]^ because the pathogens continue to persist in a relationship that may take the form of an "apparent commensalism."^[@bibr4-1178646920919755]^ Whatever the mechanism, the interaction with pathogens is associated with energy costs^[@bibr5-1178646920919755]^ that come from shared nutrient requirements between the host and the pathogens. An additional player is represented by commensal microorganisms that may compete for the same nutrients or use indigestible food, such as in the production of short-chain fatty acids that play multiple beneficial roles in the host, by providing an energy source to colonocytes and regulating the mucosal immune response.^[@bibr6-1178646920919755]^ Therefore, nutrient utilization emerges as a fundamental aspect in the triad interaction among the host, the pathogens, and the commensal microorganisms, a competition that may leave its mark on the outcome of the cross-talk among all the players.

Amino acid metabolic pathways are crucial regulators of immunity from plants ^[@bibr7-1178646920919755]^ to mammals.^[@bibr8-1178646920919755]^ Indeed, not only amino acids are the building blocks of proteins, including the ones essential for the activation and function of the immune system, but they also directly participate in the antimicrobial response.^[@bibr9-1178646920919755]^ In mammals, [l]{.smallcaps}-arginine is a semi-essential amino acid involved in protein biosynthesis and as an intermediate in the liver urea cycle during homeostasis. In immune responses, metabolism of [l]{.smallcaps}-arginine in activated myeloid cells occurs by 2 principal pathways: nitric oxide synthase (NOS)-mediated production of nitric oxide (NO) or arginase (Arg)-mediated production of [l]{.smallcaps}-ornithine. Competition of inducible nitric oxide synthase (iNOS) and Arg for the same substrate and prevalence of one pathway over the other may affect the outcome of microbial infection.^[@bibr10-1178646920919755]^ For instance, neutrophils and macrophages deploy oxidative and nitrosative killing mechanisms against *Candida* by means of iNOS expression^[@bibr11-1178646920919755]^ and NOS inhibitors may reduce fungal damage in the lung.^[@bibr12-1178646920919755]^ *Candida* has evolved a defense strategy to divert arginine utilization away from NO production by inducing its own Arg^10^ or increasing Arg1 activity in macrophages by means of chitin.^[@bibr13-1178646920919755]^ While being important for *Candida* resistance and tolerance, the effect of arginine metabolism in the response to *Aspergillus* is disputed. Indeed, NOS and Arg1 expression in macrophages are not involved in conidiocidal activity^[@bibr14-1178646920919755]^ and allergic inflammation induced by *Aspergillus*,^[@bibr15-1178646920919755]^ respectively. *Aspergillus fumigatus* is endowed with a system for detoxification of host-derived reactive nitrogen intermediates, although it does not seem to contribute to the fungus virulence.^[@bibr16-1178646920919755]^

While current knowledge is limited on the impact of [l]{.smallcaps}-arginine metabolism in the outcome of fungal infections, a great wealth of information is accumulating on tryptophan (Trp) metabolism and downstream molecules with profound implications in the communication between the host immune system, its microbiome, and pathogens and will be the focus of this review.

Tryptophan as a Central Hub for Host/Microbial Information Processing {#section2-1178646920919755}
=====================================================================

Tryptophan is an essential amino acid for humans and must be obtained from the diet. Besides being involved in protein synthesis, Trp is a versatile precursor and can be metabolized by both host^[@bibr17-1178646920919755]^ and microbial^[@bibr18-1178646920919755]^ enzymes to generate a variety of molecules involved in different fundamental processes. Two pathways have gained considerable interest for their role at the interface between the host, the microbiome, and pathogens, namely the host kynurenine pathway and the microbial indole pathway, that converge on a central xenobiotic receptor, the aryl hydrocarbon receptor (AhR), a critical regulator at the host/microbe interface. Other pathways clearly influence the interaction between host and microbes, including the Trp-to-serotonin pathway. For instance, commensal bacteria regulate the synthesis of serotonin by the host,^[@bibr19-1178646920919755]^ and serotonin may modulate the composition of the gut microbiome.^[@bibr20-1178646920919755]^ In addition, serotonin may influence the virulence of the pathogen *Pseudomonas aeruginosa*.^[@bibr21-1178646920919755]^ However, the role of this pathway is outside the scope of the present review that is centered on the host and microbial Trp metabolites that converge of AhR.

The mammalian Trp-to-kynurenine pathway {#section3-1178646920919755}
---------------------------------------

The kynurenine pathway accounts for \~95% of overall Trp degradation,^[@bibr17-1178646920919755]^ and the first and rate-limiting step is mediated by indoleamine 2, 3-dioxygenase (IDO)1, along with IDO2 (a paralogue of IDO1) and the tryptophan 2,3-dioxygenase, TDO2,^[@bibr17-1178646920919755]^ resulting in the formation of *N*-formylkynurenine, then hydrolyzed to kynurenine by the activity of an *N*-formylkynurenine formamidase. Although the kynurenine pathway leads to various metabolic intermediates with a role in the host-microbe interaction,^[@bibr22-1178646920919755]^ kynurenine and IDO1 have emerged for their critical function in the promotion of tolerance in different inflammatory conditions,^[@bibr23-1178646920919755][@bibr24-1178646920919755][@bibr25-1178646920919755]-[@bibr26-1178646920919755]^ and will be the object of this chapter. For instance, the Trp metabolic pathway crucially provides immune homeostasis in fungal infections by taming heightened inflammatory responses and inducing immune and tissue tolerance, an activity to which the host, fungi, and the microbiota cooperatively contributed.^[@bibr27-1178646920919755][@bibr28-1178646920919755]-[@bibr29-1178646920919755]^ On elucidating the relative contribution of the different mammalian dioxygenases in antifungal immunity and tolerance, it was found to be dependent on the combined effects of TDO2, IDO1, and AhR, a ligand-operated transcription factor activated by [l]{.smallcaps}-kynurenine. Thus, the enzymatic activity of IDO1 has 2 immediate effects: on one hand, it deprives the local environment of Trp, and, on the other hand, it produces kynurenine, a bioactive metabolite able to activate AhR. AhR, in turn, plays multiple roles. Indeed, besides the long-known function as a xenobiotic receptor, AhR has been implicated in a wide range of physiological activities, including the bidirectional communication with the microbiome for tuning host immunity, tolerance, and metabolism.^[@bibr30-1178646920919755][@bibr31-1178646920919755]-[@bibr32-1178646920919755]^ For instance, AhR regulates interleukin (IL)-22 expression and helps maintaining epithelial barrier function and intraepithelial lymphocytes.^[@bibr33-1178646920919755]^ These activities help ensure that commensal bacteria outcompete pathogenic bacteria in the gut microbiota, allowing AhR to mediate host-microbe homeostasis.^[@bibr33-1178646920919755]^

The IDO1/AhR pathway could be exploited therapeutically in mice and human preclinical settings by a number of immune modulators and cytokines. We have shown that genetic deficiency of pentraxin 3, a soluble pattern recognition receptor that activates IDO1 through the Toll-like receptor4/TIR-domain-containing adapter-inducing interferon-β-dependent immune pathway,^[@bibr34-1178646920919755]^ affected resistance and tolerance to *A fumigatus* and contributed to the risk of invasive aspergillosis in patients undergoing hematopoietic stem cell transplantation.^[@bibr35-1178646920919755]^ More recently, the IL-9/Th9 axis was found to provide IDO1-dependent tolerance to fungi in the gut and lung via mast cells.^[@bibr36-1178646920919755][@bibr37-1178646920919755]-[@bibr38-1178646920919755]^ In murine and human long-term granulomatous disease and cystic fibrosis, monogenic disorders highly susceptible to pulmonary infections,^[@bibr39-1178646920919755],[@bibr40-1178646920919755]^ and recurrent vulvovaginal candidiasis, characterized by exaggerated inflammation associated with symptomatic infection,^[@bibr41-1178646920919755]^ we have shown that (1) IDO1 and tolerance were both defective, (2) the IL-1β/inflammasome system was hyperactivated, and (3) restoring IDO1 activity reinstalled antifungal tolerance while decreasing pathogenic Th17 activation.^[@bibr42-1178646920919755][@bibr43-1178646920919755][@bibr44-1178646920919755][@bibr45-1178646920919755][@bibr46-1178646920919755]-[@bibr47-1178646920919755]^ Therefore, host metabolic pathways, such as the IDO1-dependent Trp catabolic pathway, might be actively pursued as potential druggable targets for antifungal tolerance defenses.

The relationship between IDO and microbes, including fungi, is multifaceted. On one hand, microbes may induce IDO1 to promote downregulation of the immune response and pathogen colonization. On the other hand, IDO1 activation may locally induce a condition of Trp starvation that is detrimental to Trp auxotroph microbes.^[@bibr29-1178646920919755],[@bibr48-1178646920919755]^ However, the situation may be more complex. For instance, *Mycobacterium tuberculosis* can synthetize Trp on starvation, thus efficiently counteracting the protective mechanism put in place by the host.^[@bibr49-1178646920919755]^ As a matter of fact, IDO is either required^[@bibr50-1178646920919755]^ or not^[@bibr51-1178646920919755]^ for the immunological control of the infection. Microbes can also indirectly regulate the activation of IDO1 by altering the environmental conditions. For instance, during an inflammatory response, the hypoxic environment that is generated inhibits the activity of IDO1 and prevents its antimicrobial activity.^[@bibr52-1178646920919755]^

Finally, IDO1 can cross-talk with the adaptive immune response triggered by the presence of fungi.^[@bibr29-1178646920919755]^ Indeed, on one hand, the Th17 pathway and IDO1 negatively regulate each other. Indeed, the former inhibits the Trp metabolism, and the consequent tolerance breakdown promotes opportunistic fungal infections in the presence of long-term inflammation, while activation of IDO1 induces the differentiation of Treg cells that dampen the Th17-mediated inflammation. On the other hand, interferon gamma (IFNγ) is a known activator of IDO1 and can promote tolerance to enable fungal persistence. Therefore, an intricate relationship exists between fungi and the tolerogenic pathway induced by IDO1, that points to Trp metabolites as crucially contributing to the interkingdom dialogue.^[@bibr29-1178646920919755]^

The microbial Trp-to-indole pathway {#section4-1178646920919755}
-----------------------------------

Immunity at mucosal surfaces is a delicate balance between resistance and tolerance to the microbes. In the healthy mucosa, the endogenous microbiome regulates the immune system by means of several mechanisms.^[@bibr53-1178646920919755]^ Lack of Trp of the diet has been shown to impair intestinal immunity and to alter the gut microbial community,^[@bibr54-1178646920919755]^ indicating that different factors contribute to mucosal homeostasis and the metabolism of Trp plays an important regulatory role. Consistent with the notion that less than 1% of ingested Trp would be used for serotonin synthesis, metabolic pathways targeting the Trp can lead to a myriad of metabolites, of both host and microbial origins, the largest group of which involves indole and indole derivatives.^[@bibr55-1178646920919755],[@bibr56-1178646920919755]^ Production of indoles may be a general property of eubacteria, and coevolution of indole-producing bacteria with animals over the last ∼500 My may explain how indoles coordinate responses to a myriad of stressors in such diverse organisms. Bacterial synthesis of indole compounds occurs via different metabolic pathways mainly involving the activity of (1) tryptophanase generating indole, (2) aromatic amino acid aminotransferase (ArAT) generating indole-3-acetaldehyde and indole-3-aldehyde (3-IAld, also referred to as ICA), and (3) tryptophan deaminase generating indole-3-pyruvic acid. Indoles are very attractive molecules as they have been shown to augment health span across a broad range of evolutionarily diverse species from different phyla^[@bibr57-1178646920919755]^ and to control bacterial fitness, including antibiotic resistance.^[@bibr58-1178646920919755]^ Microbiota-derived indoles are ligands of AhR,^[@bibr18-1178646920919755]^ thus suggesting that the host AhR has evolved to sense and respond to the presence of the microbiota resulting in maintenance of homeostasis.^[@bibr31-1178646920919755],[@bibr33-1178646920919755],[@bibr59-1178646920919755][@bibr60-1178646920919755]-[@bibr61-1178646920919755]^

Our group has previously identified a microbial pathway of Trp utilization that regulates *Candida* commensalism and mucosal homeostasis in the gut.^[@bibr33-1178646920919755]^ Indeed, the commensal *Lactobacilli* (*Lactobacillus reuteri*) could switch to Trp as energy source and produce 3-IAld via the ArAT pathway. Indole-3-aldehyde, in turn, by working as a ligand of AhR, stimulated innate lymphoid cells to release IL-22 that efficiently controlled *Candida albicans* colonization by promoting epithelial integrity and the release of antimicrobial peptides. The scenario emerging from these findings appears to trace the dichotomy of resistance versus tolerance back to the different pathways of Trp utilization ([Figure 1](#fig1-1178646920919755){ref-type="fig"}). Indeed, the microbial AhR-IL-22 axis appears to promote resistance by means of primitive antifungal defense mechanisms that include the homeostatic maintenance of the triad microbiota, epithelium, and immune system.^[@bibr62-1178646920919755]^ On the other hand, the host IDO1 pathway emerges as a functional specialization of antifungal tolerance mechanism that has evolved to facilitate the establishment of a fungal microbiome.^[@bibr48-1178646920919755]^ It should also be noted that although the IDO1 product kynurenine and the microbial product 3-IAld are both ligands of AhR, the outcome may be different because AhR activation results in a variety of effects that depend, among others, on the ligand itself.^[@bibr63-1178646920919755]^ Therefore, the IDO1 pathway and the microbial Trp metabolism, although intersecting at a common node, may underlie distinct functional activities in the resistance vs tolerance antifungal response.

![Schematic depiction of the host and microbial pathways of tryptophan utilization.\
3-IAld indicates indole-3-aldehyde; AhR, aryl hydrocarbon receptor; IDO1, indoleamine 2, 3-dioxygenase 1; IL-22, interleukin 22.\
The panel shows that tryptophan utilization via the IDO1 pathway leads to tolerance and activation of AhR by kynurenines. The panel also shows that tryptophan utilization by microbes leads to the generation of indole derivatives, including 3-IAld, with AhR agonistic activity that results in the production of IL-22 and colonization resistance. The 2 pathways thus converge on AhR that, in turn, may potentially regulate IDO1 and ignite a self-sustained AhR-IDO1 activation loop. Collectively, the host and microbial pathways of tryptophan utilization contribute to disease tolerance and homeostasis. Details and abbreviations are described in the text.](10.1177_1178646920919755-fig1){#fig1-1178646920919755}

While promoting different responses, the 2 pathways are not separated, but strictly interconnected. First of all, they share the same substrate, and the equilibrium between pathway utilization might be perturbed. An unbalanced response might lead to disease, not only in the response to a pathogen, but also in a variety of other conditions.^[@bibr64-1178646920919755]^ Second, the activity of the 2 pathways is cross-regulated. Indeed, not only kynurenines are ligands of AhR and modulate its activity, as previously stated, but AhR can also regulate IDO1 expression and function. For instance, an autocrine AhR/IL-6/STAT3 signaling loop was shown to sustain IDO1 activity in cancer^[@bibr65-1178646920919755]^ and AhR triggers Src-dependent phosphorylation of IDO1 and promotes its signaling activities.^[@bibr32-1178646920919755]^ These results would suggest that IDO1 can modulate AhR activity by means of kynurenine production and, in turn, AhR can promote IDO1-dependent functions. It remains to be established whether and how this loop is actually operative and, in this case, the conditions that trigger its emergence. Because various agonists can differently affect AhR activity, it is also unclear which microbial derivatives may actually influence IDO1 expression and function.

Another interesting implication for the AhR-IDO1 cross-regulation relates to IDO2. Indeed, the IDO2 gene contains 2 putative xenobiotic response elements,^[@bibr66-1178646920919755]^ thus raising the possibility that AhR might directly regulate the expression of IDO2. However, it is unclear whether IDO2 might contribute to kynurenine production^[@bibr67-1178646920919755]^ and, therefore, to the activation of AhR. However, it is possible that IDO2 participates with other mechanisms. For instance, a substantial body of evidence has prompted the concept that IDO2 might act as a proinflammatory mediator in autoimmune diseases and in contact hypersensitivity.^[@bibr68-1178646920919755]^ It is unclear whether a similar role is played in fungal responses but, should this be the case, it would open up a scenario in which AhR activation promotes resistance not only by enhancing mucosal barrier function but also by arming a proinflammatory pathway. This possibility warrants further investigation.

The AhR/IDO1 Pathway: Moving Beyond Infections {#section5-1178646920919755}
==============================================

As previously stated, a perturbation of Trp utilization by the different metabolic pathways might have implications in several pathological conditions,^[@bibr64-1178646920919755]^ including metabolic syndrome (MetSyn) in which an overactivation of the IDO/kynurenine pathway has been observed.^[@bibr69-1178646920919755]^ 3-IAld is a metabolite derived from the microbial degradation of the amino acid Trp and represents a "postbiotic" as it is produced by commensal lactobacilli. The interest for postbiotics relates to their favorable safety profile and ability to modulate healthy physiological processes.^[@bibr70-1178646920919755]^ We have exploited the therapeutic potential of 3-IAld for the prevention of gut inflammation in experimental MetSyn. MetSyn is characterized by the diagnosis of a cluster of diseases, including visceral obesity, low high-density lipoprotein, hypertension, hyperglycemia and hypercholesterolemia.^[@bibr71-1178646920919755]^ MetSyn manifests as a result of leaky intestinal epithelia, also caused by diet-induced dysregulation within the gut microflora. MetSyn is a major risk factor for type 2 diabetes, and treatment is generally in the form of encouragement to adopt healthy lifestyle habits. Unfortunately, such treatment strategies are either ineffective or slow-acting. We have explored the therapeutic utility of 3-IAld loaded into nanoparticles in an experimental model of epithelial barrier dysfunction induced on feeding mice with high-fat diet.^[@bibr72-1178646920919755]^ This model recapitulates the MetSyn. We found that 3-IAld was indeed active in the (1) repair of damaged epithelial cells, (2) reduction of inflammation, (3) control of metabolic indexes, and (4) prevention of inflammatory microbial dysbiosis (Borghi et al, manuscript in preparation). As the disruption of the epithelial barrier is implicated in many human diseases, including respiratory allergies, encephalitis, and neurodegenerative diseases, the possibility to target both the host and the microbiota by modulating the cross-regulatory circuit between AhR and IDO1 in human infections and inflammatory diseases makes the microbial indoles, including 3-IAld, one of the greatest challenges in the field.

Conclusions {#section6-1178646920919755}
===========

The harnessing of the AhR/IDO1 pathway may represent a much-needed strategy for improving and preventing the burden of fungal diseases. By shifting the current view of infection pathogenesis from pathogen- to host-oriented view, we have provided proof-of-concept evidence of the feasibility of therapeutic approaches to reduce infectious disease burden by targeting immunometabolic checkpoints leading to tolerance. In addition, the druggability of this pathway suggests that the exploitation of microbial metabolites to promote homeostasis and microbial symbiosis at mucosal surfaces in infections and inflammatory settings is becoming a reality. Ultimately, the therapeutic use of postbiotics is increasingly being recognized for their excellent safety profile and their ability to rescue gut health while preserving microbiota integrity.^[@bibr73-1178646920919755]^ Thus, postbiotics are a teaching example of how mining the microbiota for therapeutic leads may turn to be a great opportunity in modulating cooperative host and microbial defenses.
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